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Abstract 
In magnetic nanowires with perpendicular magnetic anisotropy (PMA) magnetic domain walls 
(DW) are narrow and can move rapidly driven by current induced torques. This enables 
important applications like high-density memories for which the precise detection of the 
position and motion of a propagating DW is of utmost interest. Today’s DW detection tools 
are often limited in resolution, or acquisition speed, or can only be applied on specific 
materials. Here, we show that the anomalous Nernst effect provides a simple and powerful 
tool to precisely track the position and motion of a single DW propagating in a PMA 
nanowire. We detect field and current driven DW propagation in both metallic 
heterostructures and dilute magnetic semiconductors over a broad temperature range. The 
demonstrated spatial resolution below 20 nm is comparable to the DW width in typical 
metallic PMA systems.   
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Article 
 
Recent concepts for high-density memory, logic, and sensor devices [1] rely on the controlled 
positioning and propagation of narrow magnetic domain walls (DW) [2] in nanowires with 
perpendicular magnetic anisotropy (PMA) [3,4,5,6,7]. To study and develop such systems 
requires a reliable high-resolution tool for detecting the DW position inside the wire. While 
magneto-optical microscopy is limited in spatial resolution [3,8], high-resolution imaging such 
as spin resolved electron microscopy [9], nanomagnetometry [10], or magnetic force 
microscopy (MFM) [11] can be complex, time consuming and, for MFM, invasive. The 
anomalous Hall effect (AHE, Fig. 1(a)) [12] allows to probe the position and motion of a DW 
inside a PMA Hall cross with nanometer resolution [13,14], however the DW position inside 
the PMA wire itself is not accessible. Other electrical measurements like giant magneto 
resistance detection can only be applied on specific spin valve nanowires [15,16]. Over the 
last years, the field of spin-caloritonics [17] has explored the interplay of heat and spin 
currents in spintronic materials and devices. With respect to DW devices thermal spin 
transfer torque [18,19], thermally driven DW motion [20,21,22], and the magneto Seebeck 
contribution of an individual DW [23] were studied. At the same time the anomalous Nernst 
effect (ANE) moved into focus from being part of careful analysis of spin-caloritronic 
measurements [24,25,26] to detection of magnetization reversal [27,28] and magnetization 
dynamics [29,30] in magnetic thin films.  
 
Here, we show that ANE provides a powerful tool to detect DW propagation in magnetic 
nanowires with nano scale resolution. Using a simple thermoelectrical measurement setup 
we probe current induced, magnetic field induced, and MFM induced DW propagation as well 
as DW depinning from individual nano scale pinning sites. To highlight the generic character 
of this method, we apply it on two distinct ferromagnetic PMA systems, namely: metallic 
Pt/CoFeB/Pt wires with high Curie temperature TC, and wires patterned from a 
(GaMn)(AsP)magnetic semiconductor film [8] with TC below room temperature. We 
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demonstrate DW position detection with spatial resolution down to 20 nm comparable to the 
DW width in typical PMA materials with potential for further improvement.  
 
As sketched in Fig. 1(a) AHE has been used to detect DW propagation within PMA Hall 
crosses [13]. The AHE voltage VAHE is proportional to the average out-of-plane magnetization 
in the cross area which depends on the DW position. However an AHE signal is only 
generated in the cross region where the probe current I is applied. By instead using 
thermoelectrical measurements of the ANE (in analogue to the electrical AHE) the sensitive 
region can be extended over the whole wire length as shown in Fig. 1(b). To do so, a 
transverse in-plane thermal gradient Ty is created by a heater line parallel to the wire. Ty 
is perpendicular to the PMA magnetization M, thus resulting in an ANE voltage VANE 
between the wire ends. For fully saturated magnetization of the complete wire the ANE 
voltage is given by 
 
    
                        (1). 
 
Here      is the ANE coefficient per magnetic moment, µ0 is the vacuum permeability, mz is 
the z-component of the magnetization (with mz = ± MS the saturation magnetization),   is the 
wire length and          is the average of Ty over the wire length. A single DW at position xDW 
inside the wire divides the magnetisation distribution into two domains with opposite 
perpendicular magnetization mz
 = -mz
. If the DW is positioned in the centre of the wire 
(defined xDW = 0) the ANE contributions of the two domains compensate and VANE(xDW = 0) 
vanishes. DW motion changes the ratio between the two ANE contributions and hence VANE. 
For a constant Ty over the wire length VANE(xDW) depends linearly on xDW, thus allowing 
direct thermoelectrical detection of the DW position with nanoscale resolution using: 
 
     
         
            
   (2) 
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Note that the assumption of constant Ty(x) is only valid for constant wire width and for 
samples with heater line longer than the wire. A more general expression of VANE(xDW) for 
spatially varying Ty(x) is derived in the supplementary information.  
 
Fig. 1(c) shows a false colour electron microscope image of a Pt/CoFeB(0.6 nm)/Pt nanowire 
(yellow) with an adjacent Pt heater line. Fig. 1(d) shows the simulated temperature 
distribution upon application of Pheat = 5.1 mW to the heater line. For details on simulations 
and temperature calibrations, see supplementary information. From the temperature profile in 
Fig. 1(e) taken along the dashed line in 1(d) we estimate a temperature drop of 45 mK 
across the wire. Furthermore the simulation yields          = 67 ± 7 mK/µm over the whole wire 
length. Fig. 1(f) shows typical ANE data of magnetization reversal in out-of-plane fields for 
Pt/CoFeB/Pt (black) and (GaMn)(AsP) (red) devices. The metallic wire is measured at room 
temperature, whereas the semiconducting wire (Fig 3(a)) is measured at T = 65.5 K, below 
TC. Both wires show a clear hysteretic behaviour in VANE with the square loop indicating 
magnetisation reversal by fast DW motion. For both samples, VANE scales linearly with the 
applied heater power and hence with Ty, as expected for a thermoelectrical signal (not 
shown). For the given heater parameters we obtain values of     
    of 350 nV for CoFeB and 
of 2 µV for (GaMn)(AsP). Using (1) with experimental values of µ0MS of 1.3 T (CoFeB) and of 
22.9 mT ((GaMn)(AsP)) we estimate the ANE coefficients of NANE = of -0.37 µV(KT)
-1 
(CoFeB) and of -1,49 µV(KT)-1 ((GaMn)(AsP)) at the given temperatures. 
 
We will now focus on ANE-based DW detection in CoFeB devices at room temperature. Fig 
1(g) shows an ANE reversal curve of a similar device as characterized in 1(f). As shown in 
1(c) the wire contains a notch in the centre (at x = 0). It can act as a pinning site for a 
propagating DW provided that the depinning field threshold is higher than the field threshold 
for nucleating a reversed domain at the end of the wire. The MFM image in the inset shows a 
DW pinned at the notch of the same device. For the reversal curve the sample was first 
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saturated by an applied negative field of Bapp = -200 mT. Then the field was swept to positive 
fields and VANE was recorded. For negative saturation, VANE remains constant at about -175 
nV. At a field of ~ 25 mT, VANE sharply rises to a nearly zero value. Here, a reversed domain 
has first nucleated at the narrow end of the nanowire [31] and then propagated to the notch 
where it remains pinned. As the notch is centred between the two contacts VANE(xDW = 0) 
vanishes as discussed above. Around 30 mT, the DW depins from the notch and continues 
propagation through the remaining part of the wire, completing the magnetization reversal 
(VANE = +175 nV). The steep transitions indicate rapid DW propagation, with a propagation 
field threshold well below the applied field.  
 
For more detailed investigations of high resolution DW detection, we use the local stray field 
Btip of an MFM tip to control the DW position in CoFeB devices on the nanometer scale. As 
sketched in Fig 2(a) a high moment MFM probe (Methods) is scanned across the wire (as 
schematically indicated by the red line). During the scan, Btip nucleates a reversed domain 
and displaces the DW along the wire thereby changing the ANE response as shown in Fig. 
2(b). Here, VANE is plotted as function of tip position xtip for Bapp = 0 mT. The right scale shows 
xDW derived from VANE. The wire geometry relative to xtip is indicated by the top image. Before 
the scan, the sample is saturated in negative field Bapp = -100 mT and VANE  -330 nV. The 
scan starts outside the first electrical contact (xtip ≤ -3.2 µm) and thus outside the sensitive 
region of ANE measurements and VANE remains constant. Once the probe has crossed the 
first contact (xtip  -3.2 µm), an increase of VANE is observed. The small plateaus separated by 
sharp transitions indicate stepwise DW motion from one local energy minimum (pinning site) 
to the next. The energy minima are due to local fluctuations of the magnetic properties, e.g. 
from edge roughness, local defects or local thickness variation of the film. The widest 
plateau, and hence the strongest DW pinning, is observed at the notch (around xtip = 0, VANE 
= 0). Upon entering the tapered region, the DW can reduce its length, and thus self-energy, 
by moving ahead of the MFM tip towards the narrowest part of the notch. After depinning 
from the notch, DW propagation again reveals several pinning and depinning events 
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indicated by small plateaus before the DW exits the measurement region at the second 
contact.  
 
Fig. 2(c,d) show zooms of two pairs of plateaus marked by the coloured arrows in (b). xDW is 
plotted vs. xtip. Statistical analysis of the two plateaus in 2(c) (red and black arrows in (b)) 
yields absolute DW positions of xDW = (1667 ± 18) nm (black) and xDW = (1816 ± 19) nm 
(black). The low positioning uncertainty below 20 nm clearly demonstrates nano scale spatial 
resolution of ANE DW detection. Estimating the DW width by                [32] with A = 
2.5·10-11 Jm-1 the exchange stiffness and Keff = 5·10
5 Jm-3 the effective anisotropy yields wDW 
 20 nm. The obtained spatial resolution thus matches the most relevant physical length 
scale in our system. 2(d) shows the two closest plateaus of the measurement that are clearly 
separated within the noise level (blue and orange arrows). The data yields a spatial 
separation of the two pinning sites of only (64 ± 30) nm demonstrating the capability of 
detecting depinning processes from individual pinning sites on the nanometer scale. 
Furthermore it shows the potential of MFM nano manipulation of a DW in a magnetic wire.  
 
In Fig. 2(e) we investigate the effect of nonzero Bapp on tip induced DW motion. Here, three 
curves at Bapp = -4.0 (blue), 3.7 (red) and 8.3 mT (black) are shown. Note that the curves 
were taken at different experimental parameters (higher MFM tip velocity, lower Pheat) leading 
to a different signal-to-noise ratio than in 2(b)-(d). The effect of Bapp is clearly observed. Bapp 
= -4 mT is antiparallel to the local stray field underneath the tip (Btip > 0). Still the remaining 
total field under the MFM tip Btot = Btip + Bapp is sufficient to nucleate and propagate a 
reversed DW leading to a basically linear displacement of xDW with xtip outside the notch 
region. Contrarily, if the probe field coincides with the direction of Bapp (black, red),  the total 
field increases and the DW propagates ahead of the tip, resulting in steeper curves and less 
pronounced pinning inside the wire.  For Bapp = -8.3 mT, (black) pinning inside the wire 
becomes negligible and DW propagation is only hindered by pinning at the notch.  
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With respect to Fig. 3, we now discuss thermo-electrical DW detection of field and current 
driven DW propagation in a 2 µm wide and 50 um long (GaMn)(AsP)wire. Fig. 3(a) shows the 
device in false colours. It contains a freestanding nucleation strip line (blue) crossing the left 
contact area of the magnetic wire (yellow). Application of a 10 ms long nucleation pulse of 20 
mA to the strip line generates an Oersted field which forms a reversed magnetized domain 
with a single DW present on the left hand side of the magnetic wire.  
 
Fig 3 (b) shows the variation of the normalized ANE signal (VANE normalized by     
   ) when 
the DW creeps along the magnetic wire driven by a small magnetic field. First, the wire is 
saturated in a negative saturation field of -20 mT before the field is swept at 0.25 mT/s from 0 
to +0.5 mT. The DW is nucleated at Bapp  0.05 mT (blue arrow) and the subsequent wide 
VANE plateau indicates DW pinning at a non-intentional pinning site until Bapp exceeds 0.2 mT. 
Note that the peak at the beginning of the plateau is induced by electrical cross talk from the 
nucleation pulse. With increasing field, additional plateaus are observed which indicate 
further DW pinning during the DW propagation along the bar. The normalized ANE signal of 
plateaus (i - iii) correspond to DW positions at xDW = -20 um, +4 µm and + 15 µm. This 
pinning scenario is confirmed by magneto-optical Kerr effect (MOKE) micrographs of the 
pinned DW states shown in the insets (i-iii) of Fig. 3(b). 
 
Fig. 3(c) shows ANE detection of current pulse driven DW propagation at Bapp = 0 mT [8]. In 
our experiments, 1us long pulses of current densities ranging from j = 6.3 - 10.7109 A/m2 
are applied. Before each series of pulses of constant current amplitude, the wire 
magnetization is saturated and a single DW is nucleated. The first VAHE data-point is 
measured directly after nucleation and subsequent data-points are taken after each 
individual current pulse. At positive current, the ANE signal changes from negative to positive 
saturation indicating DW propagation along the wire from left to right.  In contrast spin torque 
current pulses of opposite polarity move the DW backwards (supplementary information). At 
high current densities j > 10 109 A/m2 only few pulses are sufficient to propagate the DW 
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through the entire wire. From the measured change of xDW during a 1 µs pulse one can 
directly derive the DW velocity up to 30 m/s. In contrast, at low current densities, j < 9 109 
A/m2, many consecutive pulses are required to propagate the DW along the entire wire. Note 
that at lower current densities spin torque driven DW propagation is again affected by 
pinning. VANE thus shows pinning plateaus and does not increase linearly with the number of 
pulses. This again underlines the importance of high resolution tools for studies of current 
driven DW propagation as provided by ANE detection. Only with easily accessible high 
resolution tools at hand local pinning at defects can be pinpointed and a detailed 
understanding of the DW propagation mechanism is possible 
 
As shown in Fig 2(b) we have already demonstrated a spatial resolution of ANE detection 
below 20 nm which is comparable to the DW width in our metallic PMA system. This 
resolution is also comparable to typical resolutions obtained by high-resolution imaging 
techniques such as ambient MFM. Note that in contrast to MFM or magneto transport 
detection our ANE detection method can be considered as non-invasive as no local fields or 
probe currents are applied to the magnetic wire. Better signal-to-noise-ratios and thus higher 
resolution of ANE detection should be obtainable by optimization of the sample layout. 
Decreasing the wire-heater separation could allow to increase Ty and hence the spatial 
resolution by about 25% with only a moderate increase of the overall wire temperature. 
Further improvement of the sample design, e.g. by using membrane substrates, could 
significantly increase Ty, and could enable spatial resolutions down to the few nm range. 
Furthermore, high bandwidth data acquisition might in the future enable studies of fast DW 
dynamics. Thus, ANE provides a powerful and versatile tool for future studies of DW 
propagation dynamics induced by fields, spin-torques or spin-orbit-torques in a broad variety 
of spintronic materials.   
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Methods:  
Samples: CoFeB samples were deposited using magnetron sputtering and consist of Ta (4 
nm) / Pt (3 nm) / Co0.6Fe0.2B0.2 (tCoFeB) /Pt (3 nm) multilayers (with tCoFeB = 0.6 - 1.3 nm) grown 
at 8 x10-3 mbar Ar pressure in a system with a base pressure of 8x10-8 mbar. The substrate 
was 300 nm thermal SiO2 on p-doped Si. The magnetic thin films have a large perpendicular 
anisotropy and show sharp coercive switching. The multilayer films were patterned into 
nanowires by electron beam lithography and ion beam etching. Electrical contacts to the 
nanowires, heater lines and thermometer lines were defined in a lift-off process using 
electron beam lithography and sputter deposition of a 5 nm Ta adhesion layer and 30 nm Pt. 
(GaMn)(AsP) samples comprise a 2 μm wide and 50 μm long wire patterned by electron-
beam lithography along the [110] crystal axis of the Ga0.94Mn0.06As0.91P0.09 epilayer grown by 
low-temperature molecular beam epitaxy on GaAs substrate and buffer layers [33]. The 
Curie temperature of the annealed ferromagnetic semiconductor material was 115 K and the 
conductivity was 230 Ω −1cm−1. Two 200 nm wide Pt heater wires were patterned 3 μm above 
and below the central (GaMn)(AsP)bar. After structuring the magnetic wire and heater lines, 
a 180 nm thick PMMA layer was spun on top of the structure and high-dose e-beam 
irradiation was used to cross-link two 20 μm wide areas, each intersecting the microbar on 
one of its ends. Subsequently, a 300 nm thick Cr/Au strip-line was deposited by thermal 
evaporation on top of each cross-linked PMMA areas and followed by the lift-off procedure to 
generate nucleation strip-lines at both ends of the bar electrically insulated from the magnetic 
wire.  
ANE Measurements: In-plane thermal gradients in the y-direction were generated by 
electrical heater lines parallel to the nanowires. For CoFeB devices, an oscillating heat 
gradient was generated by application of AC heater powers up to about 7.4 mW with AC 
frequency fheat = 17 Hz. VANE was measured using lock-in detection at the second harmonic. 
For (GaMn)(AsP) devices, the positive, and negative half waves of an alternating current 
were flowing along upper and lower heater lines, respectively, phase shifted by . They 
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generate an alternating transverse temperature gradient oscillating at the frequency of the 
alternating current. The ANE signal is therefore measured at the fundamental frequency fheat 
using a login amplifier (supplementary information). Adjusting the cooling power of the 
cryostat, the time-averaged  temperature of the central magnetic wire was kept constant at T 
=  65.5 K for all applied heater currents of 1 - 7 mA amplitude.  
 
MFM induced DW manipulation: MFM measurements were conducted using an NT-MDT 
Aura SPM system in ambient atmosphere. Scanning was performed in semi-contact 
(tapping) mode, Nanosensors PPP-MFMR probes were used. The sample was bonded for 
electrical measurements before being installed on top of the system’s out-of-plane 
electromagnet. The output voltages from the lock-in amplifier were recorded using the 
external inputs on the SPM system. Measurements involving MFM probe induced 
remagnetisation and DW motion were done by conducting a topography image of the device 
area (with slow scan axis along x), while simultaneously recording the Nernst signal from the 
device at each point of the scan.  
 
Magneto optical Kerr effect (MOKE) imaging: For MOKE imaging of pinned DW states in 
(GaMn)(AsP)samples the following procedure was taken. First, the field was increased until 
an increase of VANE due to DW propagation to a given pinning site was detected. Then, the 
magnetic field was reduced to zero for MOKE imaging of the DW position in the remanent 
state. The domain contrast was achieved by subtraction of the image acquired during this 
procedure from a reference image taken at saturation. 
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Figures: 
 
Figure 1: Principle of ANE based DW detection: (a) AHE DW detection by probe current I 
inside a Hall cross. (b) ANE DW detection in a PMA wire: a transverse temperature gradient 
Ty generates an ANE voltage VANE along the wire depending on xDW. (c) False colour 
electron micrograph of CoFeB nanowire (yellow) with Pt contacts and heater line (red). The 
wire   length between the contacts is 6.4 µm. The wire is 600 nm wide. A 200 nm wide notch 
is situated at the centre (x = 0). (d) Colour map of the simulated temperature distribution for 
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electrical heating with Pheat = 5.1 mW. (e) linear temperature profile in y-direction along the 
dashed line in (d). The heater locally heats up to 435 K. The main temperature drop occurs 
within only 1 µm lateral distance. Inset: zoom of the temperature profile. Wire boundaries are 
marked by arrows around y = 0. The simulation yields a wire temperature of T = 297 K and a 
temperature drop of 45 mK across the wire. (f) ANE reversal loops from full negative to 
positive saturation. VANE is plotted vs. Bapp. The black curve shows data of a CoFeB wire at 
room temperature. Pheat = 7.4 mW. The red curve shows (GaMn)(AsP) data taken at T = 65.5 
K below TC = 115 K of the (GaMn)(AsP)film. Pheat = 0.75 mW. (g) Pinning of a propagating 
DW at the notch of a CoFeB device. VANE plotted as function of Bapp for a sweep from -200 
mT to positive fields. Pheat = 5.1 mW. Sweep rate 8.3 mT/s. The plateau at VANE = 0 results 
from pinning of a propagating DW at the notch. Inset: MFM image of a pinned DW at the 
notch. The two contrasts correspond to opposite mz on the either side of the notch.  
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Figure 2: ANE detection of MFM controlled DW propagation in a CoFeB nanowire. (a) 
Scheme of MFM controlled DW propagation. An MFM tip is scanned across the wire. The 
stray field of the magnetic MFM tip nucleates a reversed domain and propagates the DW 
ahead of the tip. (b)  ANE measurement of tip induced DW propagation at Bapp = 0. Pheat = 7.3 
mW. MFM tip x-velocity = 2.5 m/s. Top panel shows wire geometry relative to tip position. 
Plateaus indicate stepwise DW motion between pinning sites. The wide plateau near the 
centre corresponds to pinning at the notch. (c),(d) Zoom of ANE data of two plateau pairs 
indicated by the coloured arrows in (b). Data colours correspond the arrow colour in (d). (e) 
ANE measurement of tip induced DW propagation at applied fields of Bapp = -4.0 mT (blue), 
3.7 mT (red), and 8.3 mT (black). Pheat = 5.1 mW. Tip x-velocity = 30 nm/s. For higher fields 
parallel to the tip field the DW propagates ahead of the tip. For 8.3 mT pinning only occurs at 
the notch.  
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Figure 3: ANE DW detection in a (GaMn)(AsP) microwire. (a) False colour electron 
micrograph of the device. Yellow: wire, red: Pt heater line; blue: Au nucleation strip line. (b) 
ANE measurement during field induced DW propagation. Normalized VANE vs. Bapp. Pheat = 
0.5 mW.  Sweep rate 0.25 mT/s. At Bapp  0.05 mT a DW is nucleated (blue arrow). Plateaus 
result from pinning at intrinsic unintentional pinning sites. Inset: MOKE microscope images 
corresponding to the three pinned DW states marked (i)-(iii). (c) ANE measurement of spin 
torque induced DW propagation. Bapp = 0. ANE data is taken after application of 1µs pulses 
of current density j as indicated. For high current density high DW velocities up to 30 m/s are 
found. For lower current density DW propagation is hindered by pinning at various non-
intentional pinning sites. 
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Supplementary information on 
Nano scale thermo-electrical detection of magnetic domain wall 
propagation 
Patryk Krzysteczko, James Wells, Alexander Fernandez Scarioni, Zbynek Soban, Tomas Janda, 
Xiukun Hu, Vit Saidl, Richard P. Campion, Rhodri Mansell, Ji-Hyun Lee, Russell Cowburn, Petr 
Nemec, Olga Kazakova, Joerg Wunderlich, and Hans Werner Schumacher  
 
The supplementary information contains (I) the derivation of a generalized expression for 
dependence of the ANE voltage on the DW position in spatially varying thermal gradients, 
(II) details of ANE measurements on (GaMn)(AsP) devices, and (III) details on finite 
element simulations of temperature flux using the COMSOL package and on the 
corresponding thermal calibrations.  
 
 
 
 
  
Figure S1: Calculation of the ANE voltage between two 
contacts. 
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Figure S3: Spin torque induced backward propagation of a DW in the 
(GaMn)(AsP) wire by current pulses of negative polarity. 
 
  
Figure S2: (a) Illustration of ANE signal measurement; (b): Temperature dependence 
of the normalized resistance of the magnetic wire (black) and dR/dT identifying a 
Curie temperature of TC = 115 K (red); (c): Time dependence of the heater currents 
for upper (red) and lower (blue) bars. (d): Change of ANE signal during a complete 
magnetisation reversal as a function of heater current I0. The inset shows the ANE 
reversal loops measured for heater currents of I0 = 1, 2 , .. 7mA during a complete 
magnetisation reversal loop. 
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Figure S4: (a) Temperature of the heater from experiments (black dots) and simulations (red 
circles) as a function of heater current. (b) The dependence of temperature and average 
temperature gradient    of CoFeB nanowire on the heater voltage. (c) Contour map of the 
temperature distribution. (d) Local temperature gradient Ty (x) (black dots) as a function of x 
in the rectangular area indicated by dashed line in (c). Red line shows the sensitivity function of 
the normalized VANE as a function of domain wall position 
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Material 
cp  
J/(kg K) 
 
kg/m
3 
 
W/(mK) 
e 
S/ m 
Silicon 
34
Cp_Si(T) 2329 
35_Si(T)
  
Silica 
36
Cp_SiO2(T) 2203 
37_SiO2(T)  
Pt 
38
Cp_Pt(T) 21450 71.6 e Pt(T) 
Ta_Sample 140 16400 57.5  
39
CoFeB 440
 
8200 87  
GaAs 
40
Cp_GaAs(T) 5316 
41_GaAs(T)  
(GaMn)(AsP) 
40
Cp_GaAs(T) 5316 
41_GaAsP(T)  
Table S1: Parameters of the materials used in COMSOL simulation. e was taken from the 
experimental data. Other data from literature as indicated in the references. 
  
Figure S5: COMSOL simulation results of (GaMn)(AsP) nanowire. (a) Upmost panel shows 
the applied heater current in two heaters. Temperatures of one heater and nanowire varied with 
time are indicated by blue and magenta lines, respectively. The simulated temperature gradient 
across the wire (green line) with same frequency of the heater is indicated by the green line. (b) 
Contour map of the temperature distribution at 4.2 ms. (c) Local temperature gradient Ty (x) 
(black line) as a function of x in the rectangular area indicated by dashed line in (b). Red line 
shows the sensitivity function of the normalized VANE as a function of domain wall position. In 
the range of -20 µm < xDW < 20 µm the sensitivity shows a dominantly linear behavior. 
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I) ANE voltage calculation 
In the following we derive the dependence of the ANE signal on the DW position for 
dominantly transverse in-plane gradients. Let us assume that the temperature gradient points 
in the y-direction as shown in Fig. S1. For simplicity we assume a linear temperature drop 
transversal to the nanowire, i.e., a constant local temperature gradient in y-direction Ty(x) 
[see Fig. S1]. However we allow a variation of Ty(x) along the x-direction as e.g. shown in 
Fig. S4(d). The electric field due to ANE at each position x of the nanowire can be written as 
following:  
                    
where      and          are local magnetization and temperature gradient, respectively. The three 
components of the electric field are: 
  
                              
                              
                              
   
For the CoFeB nanowire with out-of-plane anisotropy we consider that the magnetization 
points only to the z direction, i.e. Mz=MS and Mx=My=0, where MS is the saturation 
magnetization of the sample. For a small wire length element dx as indicated in Fig. S1, we 
calculate the ANE voltage element as following:  
              
 
                               (1) 
With a single domain wall in the nanowire, as shown in Fig. S1, Mz(x) equals MS on the 
interval [-l/2, xDW] and MS on the interval [xDW, l/2].  The total voltage between two contacts 
when the domain wall locates at x = xDW is: 
                      
 
 
 
 
 
                     
   
 
 
 
         
 
 
   
    (2) 
If Ty is constant between two contacts, the dependence of detected VANE on the domain wall 
position can be written as: 
                                    (3) 
We take the value at xDW =l/2 as the maximum, 
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     (4) 
From Eq. (4) we can estimate the ANE coefficient NANE based on the simulated average 
temperature gradient      derived from finite element modelling.  
The detected VANE is xDW-dependent.  Normalizing the VANE(xDW), yields the sensitivity 
function: 
 
         
    
     
       
   
 
 
 
      
 
 
   
    
       (5) 
From Eq. (5) one can calculate the normalized ANE voltage by using a spatially varying 
Ty(x). It allows to derive the DW position as function of the ANE voltage for a broad variety 
of heater and wire geometries. Figure S4(d) shows such derived normalized ANE signal as 
function of DW position along the CoFeB wires used in the experiments. Figure S5(c) shows 
the according signal for the (GaMn)(AsP) device. 
II) ANE measurements on (GaMn)(AsP) 
Figure S2(a) illustrates the ANE measurement of DW propagation in the 25 nm thick 
(GaMn)(AsP) wire (yellow) of 50 µm length and 2 µm width. The temperature dependent 
resistance of the magnetic wire (Fig. S2(b)) allows to identify the time averaged magnetic 
wire temperature TM. We adjust TM = 65.5 K for all applied heater currents ranging from 0 up 
to 7 mA by regulating the cooling power of the cold-finger cryostat. The Curie temperature of 
our magnetic bar of Tc = 115 K is obtained by identifying the cusp
42
 in dR/dT (Fig. S2(b)). 
The 200 nm wide upper and lower Pt heater lines (red/blue) are fabricated by e-beam 
lithography and a lift-off procedure from a 50 nm thick Pt layer grown by e-beam 
evaporation.  The heater current is generated by rectifying an alternating current in such a way 
that the positive (negative) half-wave is flowing along the upper (lower) heater generating a 
time-varying temperature gradient at the central bar which oscillates at the ac-current 
frequency of 123 Hz (Fig. S2(c)). The time-averaged heater temperature is deduced from 
measuring VH1/H2 and comparing VH1/H2 /I0 with the temperature dependency of the Pt heater 
line resistance. 
The ANE signal is measured with a SR560 preamplifier followed by a SR830 lock-in 
amplifier. We have compared ANE signals measured at frequencies ranging from 18 Hz to 
234 Hz without identifying a significant frequency dependency of the ANE signal. At higher 
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frequencies, the signal amplitude becomes smaller. We conclude that the time-dependency of 
the thermal gradient at the bar follows the squared heater current at 123 Hz, with an additional 
sign change after each half period. This allows us to detect the ANE signal at the first 
harmonic of our heater current reference signal. 
Figure S2(d) shows the quadratic dependence of the change of ANE signal as a function of 
the heater current amplitude I0. The inset shows the ANE signal measured for heater currents 
of I0 = 1, 2 , .. 7 mA during a complete magnetisation reversal loop. The error bars in Fig. 
S2(d) are derived from the standard deviation of the ANE signal measured during the 
magnetisation reversal loops. 
We attribute the higher coercive field at larger heater current (see inset to Fig. S2(d)) to DW 
nucleation in the wider contact area outside the magnetic wire. Note, that larger cooling is 
required to keep the magnetic wire temperature equal for all heater currents. Therefore, the 
contact temperature is lower at higher heater currents. Considering the thermal activation of 
the nucleation process explains the observed temperature dependence of the coercive field.  
To complement the data on spin torque induced DW propagation in (GaMn)(AsP) in Fig. 3(c) 
of the main manuscript, Fig. S3 shows the backward propagation of the DW by current pulses 
of inverted polarity. Here the DW was first nucleated by a nucleation pulse and then 
propagated to the positive x-direction (right hand side of the wire) by a series of current 
pulses. Then the pulse polarity was inverted and the backward propagation was detected by 
ANE measurements. 
III) COMSOL simulations and thermal calibrations 
The temperature gradients across the CoFeB and (GaMn)(AsP) nanowires were estimated 
from COMSOL simulations by using a Joule heating package. Geometries of the modeled 
samples were taken from the experimental design. Lateral simulated size is 1mm1mm. 
Bottom temperature of the substrate (Si or GaAs) was set to the ambient temperature. In the 
simulations we took temperature dependent parameters such as thermal conductivity  and 
heat capacity cp from references [1-8], as listed in the Table S1. Note that these values are for 
bulk materials apart from the electrical resistivity of the Pt heater e which comes from 
experimental data. When the materials are in form of thin film, the thermal conductivity might 
be lower due to additional interfaces. Also impurities from sample fabrication could lower the 
thermal conductivity. Our simulations thus provide low boundaries of temperature gradients.  
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To validate the simulation parameters calibration samples were characterized and simulated. 
The heater lines were heated by an electrical current IHeater. The applied power Pheat was 
derived from the measured heater line resistance. The temperature Theater of the heater line 
during heating was derived from the change of resistance RPt(Theater) where RPt(Theater) was 
calibrated using a variable temperature probe station. Fig S4(a) shows the calculated and 
simulated temperature increase of the heater line as function of the applied heater current for a 
typical calibration sample. The black dots show the experimental data from the temperature 
calibration. The simulation results (red circles) are in good agreement with the experimental 
ones demonstrating the general validity of the simulation parameters.  
Based on these simulation parameters, Fig. S4(b) shows the simulated temperature increase 
and the average temperature gradient      of the CoFeB nanowire (i.e. Ty(x) averaged over 
the wire length) as function of the heater voltage. For a voltage of 2V (or power of 5.1 mW) 
applied to the heater line we obtain a     of 67 7 mK/µm. The uncertainty is derived from 
the standard deviation of the difference of Ty(x) and    . Figure S4(c) shows a typical 
temperature distribution on top of the sample. For the area indicated by the dashed rectangular 
we plot the temperature gradient Ty(x) as a function of x as indicated by black dots in Fig. 
S4(d). Significant variations of Ty(x) over the wire length are found near the notch (x = 0) 
and near the electrical contacts (x = ± 3.2 µm). Near the notch the heat flux is locally 
redirected into the wider part of the wire (y-direction) leading to a drop of Ty(x). In contrast 
near the contacts an increase of Ty(x) is found. The superimposed variation (lower gradient 
near the contacts, higher gradient in the center) is due to the limited length of the heater line 
compared to the wire segment. 
Using the local Ty(x) and Eq. (2) we calculate a normalized ANE signal between two 
contacts as a function of the domain wall position. The resulting sensitivity function is  
indicated by the red line in Fig. S4(d). Note that despite the local variations of Ty(x) the 
sensitivity function can still be reasonably approximated by a straight line i.e. by the 
approximated sensitivity of Eq. (2) of the main paper. 
In the simulation for (GaMn)(AsP) we use a time-dependent model to simulate the effect of 
the double heater scheme as described in II. Figure S5(a) shows from top to bottom: the heater 
currents through the two heaters (red, black), the temperature Theater of heater 1, the 
temperature of the magnetic wire TM, and the average temperature gradient Ty across the 
nanowire as a function of time.  
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The wire temperature TM oscillates with the double frequency 2f of the heater frequency f. 
The gradient shows a dominant oscillation at f. The temperature of heater 1 (blue) shows a 
strong temperature increase during self-heating and a weaker temperature increase while 
heater 2 is heated by a current. For a heater current Iheater = 4mA, heater and nanowire 
temperatures match well with the experimental data. For these parameters the simulations 
yield a temperature gradient of     = 743  187 mK /µm averaged over the whole wire 
length.  
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